Abstract: Fluorescent contrast agents are widely employed in biomedical research. While many studies have reported deep tissue imaging of fluorescent moieties using either fluorescence-based or absorption-based (optoacoustic) imaging systems, no systematic comparison has been performed regarding the actual performance of these imaging modalities in detecting deep-seated fluorescent agents. Herein, an integrated imager combining epifluorescence and volumetric optoacoustic imaging capabilities has been employed in order to evaluate image degradation with depth for several commonly-used near-infrared dyes in both modes. We performed controlled experiments in tissue-mimicking phantoms containing deeply embedded targets filled with different concentrations of Alexa Fluor 700, Alexa Fluor 750, indocyanine green (ICG) and IRDye 800CW. The results are further corroborated by multi-modal imaging of ICG through mouse tissues in vivo. It is shown that optoacoustics consistently provides better sensitivity in differentiating fluorescent targets located at depths beyond 2 mm in turbid tissues, as quantified by evaluating image contrast, signal to noise ratio and spatial resolution performance. Shroff, "Two-photon instant structured illumination microscopy improves the depth penetration of superresolution imaging in thick scattering samples," Optica 1(3), 181-191 (2014). 7. Y. Yamada and S. Okawa, "Diffuse optical tomography: Present status and its future," Opt. Rev. 21(3), 185-205 (2014). 8. A. T. Eggebrecht, S. L. Ferradal, A. Robichaux-Viehoever, M. S. Hassanpour, H. Dehghani, A. Z. Snyder, T.
Introduction
Fluorescence (FL) imaging is an essential tool in biomedical research offering superb molecular sensitivity and specificity [1] . An increasing number of FL proteins, organic dyes and other agents are used to provide new insights into gene expression, protein function and other cellular processes non-invasively [2] [3] [4] . However, inevitable trade-offs between spatial resolution, penetration depth, temporal resolution and sensitivity are common traits of in vivo FL imaging. For instance, microscopic techniques can attain high spatial resolution, which can also be extended beyond the optical diffraction limit [5, 6] . Yet, the small field of view and the shallow imaging depth remain major limitations for these methods. Macroscopic optical imaging employs instead deeply penetrating diffuse photons in the near infrared (NIR) spectrum [7, 8] . Techniques like fluorescence molecular tomography (FMT) have therefore enabled unprecedented capabilities to visualize biological processes at the molecular level in whole mice in vivo [9, 10] to the detriment of poor spatial resolution in deep tissue regions. Optoacoustic (OA) imaging has evolved as a powerful molecular imaging modality owing to the unique combination between high spatio-temporal resolution, large scalability, deep penetration and spectrally-enriched contrast [11] . To date, OA imaging has been widely employed in preclinical and clinical studies in the fields of vascular biology, oncology, neurology or cardiology [12] [13] [14] [15] [16] , to name a few examples. As opposed to FL imaging, OA techniques readily achieve label-free contrast based on optical absorption of endogenous substances, such as oxy-and deoxy-hemoglobin, melanin, bilirubin, lipids and water [11] . FL substances and other agents that absorb light in visible and near-infrared (NIR) wavelengths further enhance the versatility of the contrast mechanism exploited by the OA imaging, making it particularly advantageous for functional and molecular imaging applications.
FL dyes with absorption in the NIR spectrum represent an excellent choice for contrastenhanced imaging, in particular when low background and high signal-to-noise ratio (SNR) are of interest. Light in this wavelength range can penetrate deep into tissues, hence tracking of specific biomolecules labelled with NIR dyes becomes possible in small animals at the whole-body level, facilitating progress in basic biological research and drug discovery [17, 18] . FL dyes can provide both FL and OA contrast, thus making it possible to synergistically exploit the advantages of both modalities. While both FL and OA signal intensities are proportional to the extinction coefficient of the dye ε, the FL signal scales with the quantum yield (QY) while the OA signal strength is proportional to 1-QY. Since organic FL dyes with peak absorption in the NIR spectrum usually have a relatively high extinction coefficient (ε) and a relatively low QY, they are highly suitable for both modalities [11] .
Combining FL and OA imaging may provide a number of complementary advantages. While FL imaging can reach single molecule sensitivity in superficial microscopic observations [19] , measurable OA signals could only be attained in similar experiments from hundreds to thousands of molecules [20] . Yet, OA imaging achieves significantly better spatial resolution in deep tissue observations [11] while it was also found less prone to photobleaching and autofluorescence interference [21] . To this end, several approaches have been suggested for exploiting the complementary advantages of FL and OA imaging [22] [23] [24] [25] , yet no systematic comparison has been performed regarding their actual performance in detecting fluorescent contrast agents.
In this work, we use a recently-introduced hybrid epifluorescence and volumetric OA system [26] for a comprehensive sensitivity comparison between the two modalities in detecting deep-seated NIR fluorescent agents.
Materials and methods

Hybrid epifluorescence three-dimensional optoacoustic imaging system
The hybrid system is depicted in Fig. 1 . A custom-made electron multiplying charge-coupled device (EMCCD)-based fiberscope (Zibra Corporation, USA) was inserted into the cylindrical cavity of a spherical ultrasound array used for OA signal detection. The fiberscope consists of a 1.4 mm diameter optic image guide made of 100000 fibers and an illumination bundle composed of 7 fibers having 600 µm diameter and numerical aperture (NA) of 0.4. An emission filter was placed in front of the EMCCD camera (Andor Luca R, Oxford Instruments, UK) to selectively collect the FL responses transmitted through the optic guide. Considering a working distance of ~37 mm, the FL imaging system has an overall NA of 0.025 in water. The ultrasound array (custom-made by Imasonic SaS, France) used to collect OA signals consists of 512 individual piezocomposite elements with ~2.5 mm diameter, 5 MHz central frequency and ~100% detection bandwidth [27] . The elements are uniformly distributed on a 40 mm radius spherical surface covering an angle of 140° (1.3π solid angle). Light from an optical parametric oscillator (OPO)-based short-pulsed laser (Innolas Laser GmbH, Germany) was guided via the illumination bundle of the fiberscope, simultaneously exciting the OA and FL responses. The illumination spot on the surface of imaged targets had a full-width at half-maximum (FWHM) of ~10mm.
Imaging of fluorescent dyes
Several common NIR FL dyes were used for the sensitivity comparison, including indocyanine green (ICG, PULSION, Germany) [28, 29] Table 1 .
The FL dyes were injected into a polyethylene tubing having 0.58 mm inner and 0.96 mm outer diameters (Smiths Medical ASD Inc., USA) and immersed inside a tank containing tissue-mimicking medium (Tank 2 in Fig. 1a ). The average light absorption and scattering properties of soft biological tissues were mimicked by diluting 33.3% (v/v) of 3.5%-fat milk and 0.1% (v/v) of India ink with 125 OD (Higgins Waterproof Black India Ink, USA) [32] . The imaging probe was then immersed into a smaller water-filled tank (Tank 1 in Fig. 1a ) that has a 2 cm opening on its bottom sealed watertight with a thin transparent polyethylene membrane. By vertically moving the small tank inside the larger tank while keeping the tubing and the center of the spherical detection array in a stationary position, the effective imaging depth of the tubing in the absorbing and scattering medium was varied between 0 and 12 mm with 2 mm steps.
The laser wavelength was tuned to 770 nm to excite ICG and IRDye 800CW, and to 680 nm and 749 nm to excite AF700 and AF750, respectively. The experiment was performed by setting the pulse repetition frequency (PRF) of the laser to 10 Hz. The excitation light fluence at the surface of the tissue-mimicking medium was ~5 mJ/cm 2 . For AF700, a long pass filter (Edmund Optics, Stock # 62-980, USA) with 700 nm cut-on wavelength was placed in front of the camera. Similarly, a long pass filter (Edmund Optics, Stock # 66-227, USA) with 800 nm cut-on wavelength was employed for imaging of the ICG, AF750 and IRDye 800CW dyes. The integration time of the EMCCD camera was set to 0.1 s. Both FL and OA signals were averaged over 1 s, corresponding to 10 FL and OA frames. Volumetric OA image reconstruction was performed with a GPU-accelerated 3D back-projection method [33] . Cross-sectional slices corresponding to the depth of the tubing were extracted from the volumetric OA data at the tubing location in order to enable proper comparison with the planar FL recordings. Imaging performance of both imaging modalities as a function of depth was first compared in terms of image contrast calculated via
where I sig and I bg are the mean pixel values of selected regions of interest (ROIs) in the target and in the background, respectively [34] . The depth-dependent resolution was estimated as the FWHM of the central profile perpendicular to the tubing. b Extinction coefficients were extracted from the information provided by the dye manufacturers.
In vivo mouse experiment
The sensitivity performance of the hybrid system for epifluorescence and OA modes was further experimentally tested in vivo. For this, a 99 days old athymic nude mouse (Hsd:Athymic Nude-Foxn1 nu , obtained from Envigo, Netherlands) was anesthetized with ~2% Isoflurane in pure oxygen (v/v) supplied at a flow rate of 0.8 L/min. The same tubing used in the phantom experiment was placed under the right hind leg of the mouse and covered with ultrasound gel. The water tank (Tank 1) was then placed on top of the mouse leg to couple the acoustic signal into the detection array. Tank 2 was not necessary for the in vivo experiments. Animal handling procedures were performed according to the directives on animal experimentation of the Helmholtz Center Munich and with approval from the Government District of Upper Bavaria. The tubing was filled with ICG at concentrations of 2 μg/ml and 20 μg/ml. The OPO laser was tuned to 715 nm excitation wavelength and the PRF was set to 10 Hz. For FL imaging, the long-pass filter with 750 nm cut-on wavelength was employed. The fluorescence camera was synchronized with the laser pulses and the exposure time was set to 0.1 s. Both OA and FL images were averaged for 1 s, i.e., 10 frames. Figure 2 displays results of the imaging performance comparison in phantoms. Specifically, the epifluorescence ( Fig. 2(a) ) and cross-sectional OA (Fig. 2(b) ) images of the tubing embedded in the tissue-mimicking medium are shown for ICG concentrations of 10 μg/ml and 50 μg/ml. All images were normalized to their respective maximum value. As expected, significant degradation of image contrast and spatial resolution performance with depth was observed in the FL mode with the tubing becoming unresolvable beyond 2 mm depth in the turbid medium. On the contrary, no resolution degradation was perceived in the OA images with the dye-filled tubing clearly resolved at 10 mm depth and beyond, depending on the dye concentration. A quantitative comparison was further performed by calculating the image contrast via Eq. (1) and the image resolution as the FWHM along the normal direction to the tubing. The target and background ROIs employed to calculate image contrast are indicated by the blue boxes in Figs. 2(a) and 2(b) . The values obtained as a function of target concentration and depth are further shown in Fig. 2(c) , in good accordance with the qualitative perception in the images displayed. The calculated values of the FWHM, representing the measured diameter of the tubing in the epifluorescence and cross-sectional OA images, are plotted in Fig. 2(d) . Note that the low image SNR precluded reliable calculation of the FWHM beyond certain target depths. When placed at the surface of tissuemimicking medium (i.e., 0 mm depth), the calculated FWHM was 0.91 mm for the FL and 0.96 mm for the OA mode. These values are close to the outer diameter of the tubing, even though the ICG volume is confined to the inner diameter. We ascribe this discrepancy to optical scattering and acoustic distortion in the tubing material. As the target depth increases, the measured diameter of the tubing increases significantly in the FL images while remaining nearly constant in the OA images. In fact, tubing location and shape become unrecognizable in the FL mode when embedded at depths beyond 2 mm in the tissue-mimicking medium. Such loss of contrast and resolution effectively limits the capability to identify FL substances within a light-scattering biological sample. Figures 3(a) and 3(b) show the results for the tubing filled with AF700. The high QY of AF700 at its 680 nm excitation wavelength caused FL signal saturation for a concentration of 50 μg/ml at 0 and 2 mm depths and for a 20 μg/ml concentration at 0 mm depth. The strong light scattering at 680nm also made the tubes unresolvable in the FL mode at depths beyond 6 mm. On the other hand, it was not possible to optoacoustically visualize AF700 at 5 μg/ml concentration for any depth due to low SNR of the reconstructed images. Figures 3(c) and 3(d) show the corresponding results for the tubing filled with AF750. The smaller QY and larger molar extinction coefficient of AF750 with respect to AF700 (Table 1 ) results in much better OA image contrast, making it superior to that of FL even for relatively shallow depths. On the other hand, the longer excitation and emission wavelength of AF750 contributes to reduced light scattering making the dye resolvable also beyond 6 mm depths. Figures 3(e) and 3(f) show the results for the tubing filled with IRDye 800CW dye. In general, its performance in terms of image contrast and resolution was found similar to AF750, which is expected since both dyes have similar extinction coefficient and peak excitation wavelength. Note that the QY of IRDye 800CW is not available from the manufacturer, although it was previously reported to be similar to that of AF750 [35] . Figure 4 shows results of the in vivo mouse experiment with the red box in Fig. 4(a) indicating the imaged ROI. Figure 4(b) shows the FL image for an ICG concentration of 20 μg/ml. Note that the bright green part of the tubing was not covered by the mouse leg, so the signal from this particular area effectively corresponds to the reference FL signal for a depth of 0 mm. Figure 4(c) shows the normalized FL image within a smaller ROI covered by the mouse leg, as indicated by the yellow dashed box in Fig. 4(b) . Figure 4(d) shows the maximum intensity projection (MIP) of the reconstructed 3D OA image along the depth direction for the same ICG concentration. One may note that the tubing generates stronger OA responses as compared to the mouse tissues. Figure 4 (e) shows a single slice OA image approximately at the center of the tubing. Four ROIs indicated by the red boxes in Fig. 4(b) were selected for quantitative imaging performance analysis. ROI1 corresponds to a depth of 0 mm (not covered by the mouse leg), while ROI2 to ROI4 represent different imaging depths from 2.4 mm to 4.4 mm. Similarly to the phantom imaging results shown in Figs. 2 and 3 , the tubing becomes unresolvable by the FL modality already at 2.4 mm depth (ROI2). For the in vivo experiments, we further characterized detection sensitivity by calculating the signal-tonoise according to 10 log( / ) SNR µ σ =
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[dB], where µ is the mean pixel value of each ROI and σ is the standard deviation of noise (system noise floor). The latter was calculated from images taken prior to ICG injection in ROI5 containing only water (Fig. 4(b) ). Figure 4(f) shows the SNR plots for the FL and OA images for two different ICG concentrations. While the SNR is comparable for both FL and OA cases at 0 mm target depth, it degrades more rapidly with depth in FL images, owing to the double light propagation distance for the FL excitation and emission paths. 
Discussion and conclusions
In this work, image contrast and resolution of FL and OA images were measured for a thin tubing target containing several commonly-used fluorescent contrast agents, which was immersed at different depths within a tissue-mimicking medium. It was shown that FL image contrast and resolution rapidly degrade with depth. In particular, it was challenging to resolve contrast agents beyond ~2 mm depth whereas their unambiguous detection by the FL modality was not possible beyond ~6 mm depth. Conversely, it was possible to resolve the tubing with high contrast and resolution in the OA images when visualizing dye concentrations in the order of 10 μM at depths beyond 10 mm. The results were further corroborated by in vivo measurements of ICG taken through living mouse tissues, revealing stronger attenuation of the FL signal and superior contrast, resolution and signal to noise of the OA images at target depths greater than 2 mm. Indeed, it was recently reported that ICG could be detected in clinical OA measurements of human lymph nodes at depths exceeding 20 mm in vivo [36] , which is generally not feasible with FL imaging without applying invasive procedures. These findings are generally justified when considering that scattering and attenuation are insignificant in the acoustic propagation path for ultrasound frequencies in the low MHz range and propagation distances of up to several centimeters [37] .
It was shown that the FWHM of the tubing in the FL images could be accurately measured at greater depth for AF750, ICG and IRDye800 as compared to AF700. This is attributed to the reduced optical scattering at the longer excitation and emission wavelengths. Recently, the availability of InGaAs cameras has fostered the development of FL imaging approaches in the second NIR window [38, 39] , where the resolving capacity of FL imaging in deeper regions is expected to be enhanced due to the reduced photon scattering.
A number of aspects of our comparative imaging performance and sensitivity study may need further clarification. In general, sensitivity of an imaging system can be interpreted as its capability to detect and/or resolve the presence of a given substance within a biological organism. The present study has employed state-of-the-art instrumentation and imaging configurations that are commonplace in recently reported in vivo investigations [12, 36, 40] , both from the OA and FL imaging perspectives. In particular, highly sensitive matrix detection array and low-noise electronics were used for the OA signal acquisition. Similarly, the epifluorescence system contained a highly-sensitive cooled EMCCD camera and used an optical system with NA of 0.025, commonplace in macroscopic planar FL setups. Yet, detection sensitivity may vary depending on the technologies employed for the light and ultrasound detection as well as signal unmixing and background rejection strategies used in each particular system. For instance, the autofluorescence generated by endogenous substances in biological tissues can be minimized in the NIR spectrum [39] , especially when imaging in the second NIR window [38] . Furthermore, endogenous absorbers, particularly blood, generate a strong background OA signal [11] , which can be similarly minimized by moving into longer NIR wavelengths. Better differentiation of signals over the background can also be achieved by tracking changes in the spectral or temporal domains. For instance, multispectral unmixing can be used to identify specific absorption or emission spectra of agents [41, 42] . Unspecific signal background can be alternatively rejected by comparing the images taken at different time points, e.g. before, after or during administration of the contrast agent [43, 44] . Temporal unmixing can also be used for a more sensitive differentiation of genetically-expressed photoswitchable fluorescent agents [45, 46] . The hybrid OAepifluorescence imaging system used in this work provides simultaneous dynamic imaging capabilities with both modalities and further enables fast wavelength-tuning of the excitation wavelength. Thereby, dynamic signal enhancement strategies in the spectral and temporal dimensions can further be exploited to enhance the sensitivity for contrast agent detection.
All in all, it is believed that efficient hybridization between OA and FL has great potential for preclinical research and clinical translation. To this end, a number of studies have reported multimodal or hybrid measurements with FL and OA. Image-guided surgery using a multifunctional targeted nanoprobe in mice was reported with OA imaging providing deep 3D information while FL facilitating detection of residual cancerous cells in the surgical cavity [47] . OA tomography images were also used for improving accuracy of fluorescence molecular tomography reconstructions [25] . An integrated system combining label-free optoacoustic microscopy with fluorescence micro-endoscopy was used to visualize fluorescently-labeled cellular components and optically absorbing microvasculature simultaneously [48] . Other potential implementations include imaging of Förster resonance energy transfer (FRET) in both OA and FL modes in order to extend the powerful capacity of FRET for detecting nucleic acid hybridization and transport of lipids into deeper tissues [49, 50] .
In conclusion, a systematic comparison of the depth-dependent imaging performance of epifluorescence versus OA imaging was performed in this study using a hybrid imaging system and several commonly used NIR dyes. It was found that optoacoustics provides better sensitivity in differentiating fluorescent targets located at depths beyond 2 mm in turbid tissues, as quantified by evaluating the metrics of image contrast, signal to noise ratio and spatial resolution performance Despite the better performance of optoacoustics in deep tissue imaging, its synergistic combination and simultaneous cross-validation with epifluorescence imaging can greatly benefit numerous studies looking at rapid in vivo dynamics, such as neural activity, organ perfusion, circulation of cells or contrast agent uptake. 
